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DIELECTRIC CONSTANTS OF SOILS
AT MICROWAVE FREQUENCIES-II

J. Wang, T. Schmugge, and D. Williams
Goddard Space Flight Center
Greenbelt, Maryland

INTRODUCTION

Although the water content in soils has long been known to be one of the most dominant
factors in determining the dielectric properties of the soils in the microwave region, the
systematic laboratory measurements of these properties as a function of soil water content
began only in recent years (References 1 through 9). Early measurements of soil dielectric
properties (References 10 through 12) were made at a few discrete values of water content
only, and these measured data were probably useful for a few spot checks at best. Among
other things, a systematic study of the soil dielectric properties requires the detail measure-
ments of these properties over a wide range of moisture content. In particular, the recent,
much-emphasized remote sensing of ground-water content (Reference 13) cails for a detailed
knowledge on soil dielectric variability with water content. A full relationship between soil
dielectric variables and moisture content must be established in order to correctly interpret,
and to develop inversion algorithms for, data obtained from the microwave remote sensors.

Recent systematic measurements of soil dielectric properties with varying moisture content
covered a wide range of frequencies. The measurements by Lundien, Davis, and Williamson
(References 1 and 2) were made over the frequencies of 10 to 75 MHz, 297 MHz, and 1 to
1.5 GHz. Wiebe’s (Reference 3) and Newton’s (Reference 8) measurements were carried out
at 10.6 GHz and 1.4 GHz, respectively. Leschanskiy et al. (Reference 4) made their measure-
ments at many selected frequencies in the range of 0.1 to 16 GHz. Hipp’s measurements
(Reference 7) were made over the frequency range of 0.03 to 4 GHz, and Geiger and Williams’
measurements (Reference 5) were made at 37 GHz. Finally, measurements for a single soil
sample made over many frequencies in the 0.3- to 24-GHz range were reported by Njoku

and Kong (Reference 9). Most of these results were summarized by Cihlar and Ulaby (Refer-
ence 14).

This document describes the measured dielectric properties of several soil samples as a function
of moisture content. The measurements were performed at the frequencies of 5 and 19.35
GHz. The soil samples used in the measurements were the same as those used by Geiger and
Williams (Reference 5) in their 37-GHz measurements. For the 19.35-GHz measurements,

the moisture content was determined as a percentage of the soil dry-weight only. The 5-GHz



measurements were performed with moisture content determined in both percentage by dry-
weight and on a volume basis. These measured dielectric properties of soils are presented
and discussed with respect to their variations with moisture content, soil textures, and fre-
quencies.,

METHOD OF MEASUREMENT

The method used in the 5- and 19.35-GHz dielectric-constant measurements is the trans-
mission method on an infinite line. Both the experimental setup and the measurement
procedure were similar to that used in the 37-GHz measurements and were discussed in
great detail by Geiger and Williams (Reference 5). Therefore, only a general description of
the experiment will be given here. Figure 1 shows the setup of the 5-GHz experiment. The
19.35-GHz twin-arm bridge is similar to the one shown in figure 1, but the physical size
of the apparatus is much smaller. Because the experimental setup and procedure are similar
for the 5- and 19.35-GHz measurements, most of the description in the following is focused
on the 5-GHz system only.

As shown in figure 1, the 5-GHz microwave signal is produced by an 8620B Hewlett-Packard
sweep oscillator. The wavemeter is a resonant cavity that permits a precise measurement of
the microwave output-signal frequency. During the entire course of the measurements, the
signal frequency was maintained at 4.96 GHz. The first hybrid T acts as a power divider
that splits the incoming signal into two equal components; one travels along the sample arm,
and the other travels along the reference arm. In each arm of the bridge, an attenuator and
two phase shifters were provided for signal adjustment and balance. Isolators were placed
before and after each set of attenuators and phase shifters to reduce the reflected microwave
signals caused by the inhomogeneities in the waveguide,

Another hybrid T at the other ends of the two arms serves as a signal comparator. The E-H
tuner serves as a matched impedance so that the bridge effectively appears as an infinite micro-
wave transmission line. A Hewlett-Packard standing-wave indicator displays the standing-
wave ratio of the signals from the two arms. Either with or without soil sample in the system,
the bridge could be balanced by varying the phase shifters and attenuators until the standing-
wave indicator was nulled.

Two approaches were taken to measure the dielectric constants of the soil samples over the
moisture range of interest. The first approach (low-loss) used a long-length soil sample and
gave reasonably accurate measurements only for moisture content < 3 percent by dry weight.
For higher moisture content (> 3 percent), because the signal attenuation caused by the
presence of the soil sample was appreciable, the second approach (high-loss) using a short-
length soil sample had to be used. A brief description of the two approaches follows.




The low-loss approach consisted of measuring the power losses and the phase shifts caused

by the presence of the soil sample in the sample cell. The measurements of these parameters
were made at the two sample lengths of L and L + AR, with L >> AR (typically L= 52 cm
and A% =1 cm in the 5-GHz measurements). Because L = L + AX, the difference in measured
power losses, A, and A, , for a given soil sample at these two lengths was negligible (A, =

A, = A). However, the phase-shift difference, Ay, attributable to the short sample length
increment, AL, was readily measurable. The measured A and Ay, together with the corres-
ponding L and A%, were treated as input parameters in the computer program for the deri-
vation of € and €'’, the real and imaginary parts of the dielectric constant.

In the high-loss approach, the measurement procedure was somewhat simpler. Both power

loss, A, and phase shift, Ay, were determined with a single soil-sample length, L (typically,

L =1-7cm in the 5-GHz measurements). Both with and without the soil sample in the

sample cell, the bridge was balanced. The differences in the power losses and phase shifts

when the soil sample was in and out of the sample cell, together with length L, provided the
necessary input parameters to the computer program for determining €’ and €'’ in this approach.

There is a small difference in the formulas for computing € and €'’ between the low-loss

and the high-loss approaches. The derivation of these formulas for both approaches and the
iteration procedure for calculating €' and €'’ were given in great detail by Geiger and Williams
(Reference 5).

The laboratory in which the measurements were made was always maintained at a room
temperature of ~ 293 K. All of the soil samples used in the measurements were first vacuum-
dried for ~ 20 hours in an oven at 378 K. For a given set of measurements, a sufficient
amount of the dry soil sample was placed in a sealed plastic bag and weighed. A desired
amount of water (weight—pércent) was added to the soil, and the soil-water mixture was well
mixed in the sealed plastic bag before the sample was used for dielectric measurements. The
empirical method was used for filling the waveguide sample cell. It consisted primarily of
vigorous tapping and shaking of the cell as the sample was gradually added. Maintaining

the moisture content while filling the sample cell is an obvious problem. Extreme care was
taken to expose the moist soil to the air as little as possible. The weight of the sample in the
sample cell in each measurement was measured so that the sample density and, therefore,
the volumetric water content could be determined.

RESULTS

The soil samples used in the measurements were obtained from the Imperial Valley, Phoenix,
Arizona, and Weslaco, Texas. There were a total of seven samples. Table 1 lists the soil
types, texture, and field capacity (FC) of these samples. Field capacity is related to soil
texture by:

FC = 25.1 - 0.21 X SAND + 0.22 X CLAY (1



Table 1
Soils Used in the 5- and 19-GHz Dielectric Measurements

No. Soil Type Textu.re (%) Fiel-d Measurements
Sand | Silt | Clay |Capacity* | 19.35 GHz| 5 GHz
1 | M5 88.0 | 7.3 | 4.7 7.9 Yes Yes
2 | E. Imperial Valley | 76.3 |11.7 | 12.0 12.0 Yes No
3 |F2 56.0 |126.7|17.3 17.3 Yes Yes
4 |L3 48.0 [34.0] 18.0 19.1 Yes No
5 | E4 44.7 [25.3130.0 | 22.5 Yes No
6 | H7 19.3 146.0 | 34.7 28.8 Yes Yes
7 | Harlingen clay 2.0 137.01 61.0 38.0 Yes Yes

*Calculated from FC = 25.1 - 0.21 X SAND + 0.22 X CLAY.

where SAND and CLAY represent their respective soil fractions in percent. This expression
was derived from the multiple linear-regression analysis of 100 measured sets of soil textures
and moisture characteristics (Reference 15). It is evident from the expression that the clayey
soils have higher field capacity than the sandy soils.

The dielectric measurements were made at 19.35 GHz for all seven samples. But they were
made at 5 GHz for only four samples; namely, Harlingen clay, H7, F2, and M5. The intrinsic
accuracy of the measurements was about 5 to 7 percent as discussed by Geiger and Williams
(Reference 5). The following subsections describe the results of the measurements.

Results at 19.35 GHz

Figures 2 through 8 show plots of the measured dielectric constants for the seven soil
samples versus the moisture content in percent of soil dry weight. For each soil sample,
four measurements were typically made at a given moisture content. In most cases, the
scattered data points within each set indicated a precision of the measurements of about

10 percent. These figures clearly show that, at low moisture content, both €' and €'’ increase
slowly with moisture content. After reaching a breakpoint moisture value (transition mois-
ture, Reference 8), €’ and €'’ increase steeply with moisture content. The breakpoint mois-
ture is dependent on the soil types and usually occurs at larger moisture values for clayey
soils. To show this dependence of transition moisture on soil types more clearly, smooth
curves were drawn through the measured data points shown in figures 2 through 8 and were
plotted on figure 9 for all seven soil samples. The solid and dashed curves in figure 9




represent the measured €' and €'’, respectively. A number was assigned to each pair of curves
according to table 1 to distinguish one soil type from another. For example, curves 1 stand
for the measured €' and €'’ of M5, and curves 7, of Harlingen clay. It can be clearly seen

that the transition moistures of curves 1 and 2 of low FC samples occurred at 5 percent.

On the other hand, curves 6 and 7 of high FC samples show large transition moistures beyond
10 percent.

Figure 9 also shows that, after a steep rise, both € and €'’ begin to level off as moisture con-
tent increases further. This leveling off of the dielectric constants again depends on the field
capacity of soils, which occurs at ~ 16- to 20-percent moisture content for curves 1 and 2
and at ~ 24- to 28-percent moisture content for curves 6 and 7. The reason for this leveling
off was probably the water saturation in the sample and will be discussed further in the
following section.

Results at b GHz

Figures 10 through 13 show the measured dielectric constants as a function of moisture
content for the four soil samples of M5, F2, H7, and Harlingen clay. Again, a set of four
measurements was made at each selected moisture content. The scatter of data points in
each set was mostly within S to 10 percent of the average value, except for Harlingen clay.
The measurements on this soil sample were made by two different persons, and, as a result,
the measured dielectric constants at some moisture levels showed a scatter of as much as
30 percent. The following section shows that the scatter is reduced by expressing moisture
content in volume basis.

Examination of figures 10 through 13 clearly shows a dependence of dielectric constants

on soil moisture similar to those measured at 19.35 GHz. Both €' and €’ increase slowly

as moisture content increases from O to the transition value. A steep rise in €' and a moderate
rise in €'’ follow for moisture content larger than transition moisture. The leveling off of
the dielectric constants is also observed after the steep rises. The transition moisture is
again dependent on soil texture as figure 14 clearly demonstrates. The curves in this figure
were derived in the same way as those in figure 9—solid curves for € and dashed ones for e’
The numbers were assigned to the curves according to table 1. The transition moistures for
low FC soil samples 1 and 2 were observed from the €' curves to be ~ 5 and ~ 10 percent,
respectively, whereas those for high FC samples 6 and 7 were about ~ 15 percent. At this
frequency, the increase in €’ with moisture content was small, and the determination of
transition moisture became difficult.

A comparison of figures 9 and 14 showed that, for a given moisture content, €' was higher
at 5 GHz than at 19.35 GHz. On the other hand, €'’ was lower at 5 GHz than at 19.35 GHz
for the same moisture content. For example, at 30-percent moisture content, €' and €'’ at
5 GHz for sample 6 were 24 and 6, respectively. For the same sample and moisture content



at 19.35 GHz, €' and €'’ were 17 and 9, respectively. This phenomenon is consistent with
the frequency dependence of €’ and €'’ for water. The calculated values of €’ and €'’ for
pure water are ~ 73 and ~ 22, respectively, at 5 GHz and are ~ 35 and ~ 37, respectively,
at 19.35 GHz.

DISCUSSION

Cihlar and Ulaby’s summary of the available dielectric constant measurements (Reference
14) shows that the difference in the measured €' and €'’ due to soil types could be reduced
if the moisture content was expressed on a volume basis. The measured data at 5 GHz will
be examined here for this effect. Figure 15 shows the measured €’ and €'’ as a function of
the volumetric water content for Harlingen clay. The measured data for the remaining
three soil samples could be plotted in the same way. Figure 16 summarizes the results. The
curves on this figure were numbered in accordance with the previous section. The data
points displayed in figure 15 clearly show much less scatter compared to those in figure 13.

A comparison of figures 14 and 16 reveals that the difference in €' due to soil types is indeed
reduced when soil moisture is expressed on a volume basis. For example, at €’ = 10, the
maximum spread and the average volumetric water content for all four soil samples in figure
16 are ~ 0.08 cm?®/cm?® and ~ 0.24 cm?/cm?, respectively. At the same €', figure 14 gives

~ 7 and ~ 15 percent for the maximum spread and the average moisture content, respectively.
The maximum deviation from the mean is ~ 17 percent for volume-percent and ~ 23 per-
cent for weight-percent. Although there is some improvement, the residual difference in €’

due to soil types is still appreciable even when the moisture content is determined on a volume

basis. As will be discussed later, the difference in €'’ due to soil types is small because the
frequency dependence of €'’-moisture curves is small.

The residual difference in € was also observed in the L-band measurements (References 2
and 8) as demonstrated in figures 17 and 18. The smooth curves in figure 17, which show
the data measured at 1.4 GHz, were derived from figures [I-18 through Ii-23 of Newton
(Reference 8). The curves in figure 18, which show the data measured at 1.412 GHz, were
derived from table 5 of Lundien (Reference 2). Table 2 lists the soil types, textures, and
field capacities of the samples used in these measurements. The curves in both figures 17
and 18 were numbered so that they could be identified with the soil types given in table 2.
Although both €' and €"’ were plotted as a function of volumetric water content in both
figures, the differences in these parameters due to soil types were clearly observed. The
transition moisture (from €’ curves) varied with FC of the soils in the same way as that of
the 5-GHz data. This dependence of transition moisture on field capacity was also observed
by Newton (Reference 8) and was interpreted as the capability of different soils in adsorbing
water molecules. Figure 9 of Lundien (Reference 2) showed essentially the same effect from
his data. To compare the present measurements with those of Newton and Lundien, the
transition moisture at 5 GHz was derived from the intersection of two straight lines—one




Table 2
Soils Used in the 1.4-GHz Dielectric Measurements

No. Soil Type SanzeXt;: (%()Ilay C:piaei?ty Remarks
1 Yuma sand 100 0 00 4.4 |5
2 Eufaula fine sand 90 7 3 7.2
3 Dougherty fine sand 82 | 14 4 9.0
4 Minco very fine sand 70 | 22 8 12.4
5 Chickasha loam 58 | 28 14 16.2 _
6 Zaneis loam 48 | 36 16 18.6 %L;:fii-ee?lce 2)
7 Collinville loam 45 | 39 16 19.3
8 Openwood Street silt 22 1 70 8 22.3
9 Kirkland silt loam 26 | 56 18 23.4
10 Tabler silt loam 22 | 56 22 25.0
11 Vernon clay loam 16 | 56 28 28.0
12 Long Lake clay 6 | 54 40 32.7 |-
1 | Sand 86 | 7| 7 8.6 |
2 Samples 14 and 15 52 9 39 23.0
Newton
3 Samples 4 and 5 40 | 26 34 24.5 >(Reference 8)
4 Samples 7 and 18 36 | 29 35 25.2
5 Sample 13 44 | 12 44 25.5
6 Miller clay 3] 35 62 38.1 |~/

drawn through data points covering the O to transition moisture range, and the other through
the steep-rise portion of the curve—for each curve in figure 16 and plotted against FC of the
associated soil sample in figure 19. The transition moistures for soils measured at ~ 1.4 GHz
(References 2 and 8) were determined in the same way as those at 5 GHz, and the results
also appear in figure 19. Clearly, there is a strong dependence of transition moistures on FC
for a given frequency. The small difference in the results between 1.4 and 1.412 GHz as
shown in figure 19 is most likely attributable to the discrepancy in the two measurements.

A linear regression between the transition moisture, W,, and FC gives

W, = 0.070 + 0.0047 X FC : )

with a correlation coefficient r = 0.85.



The previous section briefly stated that the leveling off of € and €'’ at large volumetric

water content for frequencies of both 5 and 19.35 GHz was possibly attributable to water
saturation. To determine if this was indeed the case, the porosity, Ps, for each of the four
soil samples measured at 5 GHz was computed according to the expression (Reference 16):

Ps = 1 - ps/pr 3)

where ps is the dry density of the soil sample in question, and pr is the density of the corres-
ponding solid rock. The value of pr varies between 2.60 and 2.75 (Reference 16) and, for
the present purpose, is simply taken to be 2.65; ps was determined during the measurements.
In figure 16, the computed Ps’s are indicated by arrows. The number designated for each
soil sample is the same as before. It appears that a positive correlation exists between Ps

and the moisture value where €' begins to level off. For example, curve 2 of figure 16 shows
a leveling-off moisture content of 0.4-cm?®/cm? ; Ps for this soil is 0.42. The leveling-off
moisture content of curve 7 is 0.5 cm®/cm?, and the corresponding Ps is 0.51. Although

the leveling-off moisture contents for curves 1 and 6 are difficult to determine, they are
usually closely associated with their respective porosities,

This close association of leveling-off moisture values and the porosities for the four soil
samples examined here strongly suggests that € and €'’ measurements made by the waveguide
approach are probably not valid for volumetric water content > Ps. Some of the water
added to the samples probably leaked out of the waveguide before the measurements were
made. As shown in figures 17 and 18, no leveling off of €' and €'’ with volumetric water
content was observed in the measured results of Lundien (Reference 2) or Newton (Refer-
ence 8). However, when porosity was computed for each soil sample used in Lundien’s
measurements, it was found that all of the measurements were carried out for a volumetric
water content of < Ps. In the 1.4-GHz measurements (R. W. Newton, personal communi-
cation), the soil-water mixture was put in a container so that the water would not leak out
of the system even if the saturation points were reached. Thus, the leveling off of the
dielectric constants at high moisture content observed in our measurements is a systematic
error in our procedures. Unfortunately, we cannot verify this explanation at 19.35 GHz.

A comparison of figures 9, 16, 17, and 18 also reveals that the variations of €'’ with moisture
content may be dependent on frequency. The data in figure 9 show that €' curves more

or less followed the pattern of €' curves. The steep rise and saturation in €’ occur at smaller
moisture content for sandy soils than for clayey soils. Crossover in €' occurred at a moisture
content of ~ 15 to 25 percent. On the other hand, the €'’ curves in figures 17 and 18 did
not show the same phenomenon. For sandy soils, €’ remained smaller than that for clayey
soils over the entire volumetric moisture range of 0 to 0.5 cm?®/cm3. The results at 5 GHz
shown in figure 16 (or figure 14) fall between these two cases. Although the moisture con-
tent in figure 9 was expressed in percent of dry weight, a change in volumetric water con-
tent (if possible) is not likely to change the entire picture.




One possible explanation of this frequency-dependence of the €'’ moisture-content relation
comes from the ionic conductivity of the soil/water mixture. The expression of ¢’ for
water with dissolved ions is given by (Reference 17):

wtle -€ o,
ell= (52 ;) + i (4)
1+w*r w e,

where w is the angular frequency, 7 is the relaxation time, € is the static relative permittivity.
€., is the relative permittivity at high frequencies, and o, is the ionic conductivity of the
solution. €, is the permittivity in vacuum and equals 10°° /36 = farads per meter. Clearly,
the value of €'’ is dominated by the first term at high frequencies and by the second term

at low frequencies. For example, taking the approximate room-temperature values of €, ~
75, 7~ 10! sec, e, = 5 (Reference 17), and assuming o, ~ 1 mho/m, the values for the
first and second terms in equation 2 were estimated at 1.4 GHz to be ~ 6 and ~ 13, respec-
tively. The corresponding values at 19.35 GHz were ~ 33 and ~ 1. Thus, if the water/clayey
soil mixture contained more dissolved ions than the water/sandy soil mixture, the variations
of €'’ with moisture content, soil texture, and frequencies should follow the patterns in
figures 9, 16, 17, and 18. This inference is substantiated by the analysis of various U.S. sur-
face soils in that clayey soils contain more phosphorus, potassium, and calcium than sandy
soils (Reference 16). As observed by Rhoades et al. (Reference 18), the larger surface con-
ductivity of clayey soils also implies more exchangeable ions for the clayey soils.

CONCLUSIONS

The dielectric properties of several soil samples were measured as a function of moisture
content. The measurements were performed at the frequencies of 5 and 19.35 GHz and
thereby extended the frequency range of the measured data reported in the literature
(References 1 through 9). There are two advantages in determining soil water content on

a volume basis. First, the compactness factor of the soil sample in the waveguide was re-
moved to alarge extent, and the precision of the measurements improved in comparison to

the case when moisture content was expressed in terms of percentage by dry-weight. Secondly,
as also reported by Cihlar and Ulaby (Reference 14), the difference in the measured dielectric
constants due to soil types was reduced, although the residual difference was still appreciable
as shown by the measured data at 5 and 1.40 GHz.

The dependence of the transition moisture on the soil field capacity is clearly present at

5 GHz, a phenomenon previously reported by Lundien (Reference 2) and Newton (Refer-
ence 8) at the frequency of 1.4 GHz. This observed debendence could serve as a basis for
quantifying the measured dielectric constants for various soil types. The quantified dielectric
constants as a function of volumetric water content could be useful in implementing the
inversion algorithm for deriving soil-moisture data from the observed microwave parameters.



Examination of data at 1.4, 1.412, 5, and 19.35 GHz showed a possible frequency dependence
in the variation of €'’ with moisture content for different soil types. At 19.35 GHz, both

€' and €'’ vary with moisture content in the same pattern according to the texture of the

soil sample. The steep rise in both €' and €'’ occurs at lower moisture content for sandy

soils than for clayey soils at this frequency. At~ 1.4 GHz, the measured €'’ for the sandy
soils remain at lower values than those for the clayey soils over the entire volumetric mois-
ture range of 0 to 0.4 cm®/cm?®. It is suggested that more ions were probably dissolved in

the added water for the clayey soils than for the sandy soils. The contribution to €'’ from

the ionic conductivity at low frequencies could be large enough to mask the similar pattern

of €' curves observed at high frequencies.

Goddard Space Flight Center
National Aeronautics and Space Administration
Greenbelt, Maryland March 1978
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Figure 12. Values of € and € versus water content measured at

5 GHze, silty clay-loam sample H7.
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